In order to assess genetic diversity within and among populations of Pinus pinea L. (stone pine), seven Portuguese populations originating from three Provenance Regions were selected and genotyped using two marker systems. We compared the genetic variation of these populations using retrotransposon-based sequence-specific amplification polymorphism (SSAP) and amplified fragment length polymorphism (AFLP). In total, 105 trees were screened with three primer enzyme combinations (PEC), producing 232 SSAP and 132 AFLP loci. Where SSAP yielded approximately twice-the number of polymorphic fragments compared to AFLP. Differentiation was slightly higher for SSAP, than for AFLP (F ST = 0.105 for SSAP and 0.074 for AFLP), and both significantly different from zero, P < 0.01. The levels of average genetic diversity within-population found with the two types of marker were not significantly different between SSAPs and AFLPs (26.6 % and 22.8 %, respectively). The populations that displayed the highest and lowest genetic diversity scores were the same for both markers, and only two populations had significantly different H e estimates. The neighbor-joining tree based on the Nei's genetic distance displayed some geographic pattern. With the AFLP markers the populations grouped according to the provenance regions where they were sampled, resulting in one well supported cluster with the Southern populations, but with SSAP the pattern was not so coherent. In this study SSAP generated more polymorphic fragments and higher estimates of genetic diversity than AFPL did, due, probably, to the higher mutation rate of retrotransposition relative to base mutation. Nevertheless, congruence was found between estimates obtained with both markers, which is very interesting, for, in general, SSAP markers have lower costs compared to AFLPs, and they might be an interesting alternative marker system, when higher resolution is requested.
Introduction
A novel group of molecular marker techniques, based on insertion polymorphism generated by retrotransposon (RTN) activity, has proven useful in developing multiplex DNA-based marker systems in plants (KUMAR, 1996; SCHULMAN et al., 2004) . Retrotransposons are an evolutionarily ancient class of mobile genetic elements that transpose replicatively within their host genomes via RNA intermediates. They are ubiquitous in plants, in many cases comprising more than half of the DNA nuclear content, and playing a major role in plant genome evolution (reviewed in KUMAR and HIROCHIKA, 2001; SCHULMAN et al., 2004) . The polymorphisms generated by the unique biological retrotranspositional process, result from new RTNs insertions sites, most of which are irreversible, without losing the parental copies. The replicative transposable mode can rapidly increase the copy numbers of elements and, thereby, greatly increase plant genome size (KUMAR, 1996; PEARCE et al., 1996) . This process provokes an alteration ranging from a few hundred base pairs to a few kilobases at the insertion site. There are two major groups of retrotransposons, those consisting of the long terminal repeat (LTR) sub-classified into Ty1-copia and the Ty3-gypsy groups, and the non-LTR retrotransposons or LINE elements. LTR retrotransposons present as large heterogeneous populations within plants and are highly plastic, showing great variation in copy number and genome location, even between closely related species PEARCE et al., 1996) . Retrotransposon-based markers require sequence information from the mobile element terminal region, but the recently developed rapid LTR RTN sequences isolation technique, together with easy access to transposon sequences from the vast amount of genomic sequence information, have extended these application to plants (PEARCE et al., 1999) .
The most popular transposon-based marker method is the sequence-specific amplification polymorphism (SSAP) approach . It is a modified version of amplified fragment length polymorphism (AFLP), in which, one AFLP primer is replaced with an LTR primer. RTN-based markers are especially suitable for studying genetic diversity, within and between species. For example, active members of the RTN family produce new insertions in the genome, leading to polymorphism. The new insertions can then be detected and used to establish the temporal sequence of insertion events, helping to determine phylogenies. These genetic properties have recently been exploited to study biodiversity and phylogeny in different plant species (KUMAR and HIROCHIKA, 2001 , and references therein). Some studies have directly compared retrotransposon marker methods with AFLP, and they revealed that retrotransposon markers are more polymorphic than AFLP (e.g. MAY TAM et al., 2005; SYED et al., 2005; QUEEN et al., 2004; e.g. WAUGH et al., 1997; YU and WISE, 2000) . The time and cost efficiency, replicability and resolution of AFLPs are superior or equal to those of other markers, e.g. allozymes, random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), microsatellites (SSR). AFLP markers are, generally, dominant markers and, also, prone to size homoplasy, even though, they have emerged as a genetic marker with broad application in population genetics, DNA fingerprinting and other fields of research (MUELLER and WOLFENBARGER, 1999; VEKEMANS et al., 2002) . One of the important features of those markers are resolution, because of the nearly unlimited number of markers that can be generated, using different primer combinations, and at least some AFLP markers will be located in variable regions and thus reveal genetic differences among organisms (MUELLER and WOLFENBARGER, 1999) .
Comparison of Genetic
For neutral markers, genetic diversity and differentiation estimates depend mainly on demographic parameters (effective population size, migration rate, and others), the type of markers and their mutation rate, their mode of inheritance, and the population sampling (KREMER and MARIETTE, 2003) .
Genetic diversity for Pinus pinea has previously been investigated by using different types of molecular markers; isozymes (FALLOUR et al., 1997) , RAPD (EVARISTO et al., 2002) and chloroplast microsatellites (cpSSR) (GÓMEZ et al., 2002) . The genetic variability reported in the isozyme study showed that only two of 40 isozyme loci were polymorphic, and that the mean heterozygosity amounted to 1%, when all loci screened were considered, a very low value compared with the average, for the Pinus genus (HAMRICK et al., 1992) . In the GÓMEZ et al., (2002) study, where only Spanish populations were screened, six out of the nine cpSSR were polymorphic and H s = 0.570, but in a range-wide study of the species (G.G. Vendramin, pers. comm.) the mean herezozigosity was much lower H s = 0.181. Nevertheless, RAPD detected high values of phenotypic diversity (Shannon index), but is difficult to compare with other markers estimates, due to the dominance effect (EVARISTO et al., 2002) .
In the present study, we aimed to screen 232 SSAP loci (derived from the LTR retrotransposons) and 132 AFLP loci for 105 randomly sampled trees from seven P. pinea populations for the following aims: i) to estimate the within and among population genetic variability, ii) to compare the estimates obtained with the SSAP marker system, derived from the LTR retrotransposons, with AFLP, and iii) to infer population genetic similarity through cluster analysis.
Materials and Methods

Study Species
Pinus pinea is widely distributed around the Mediterranean Basin, and is useful for nut production, shelterbelts, erosion control, recreation, resin and wood production. This species had a long history of cultivation and diffusion by Man, since the Pre-Romanic age (MUTKE et al., 2000) , and it is practically impossible to distinguish natural from artificial stands, nowadays. Several authors define Anatolia (Turkey) as the putative area of origin for this species (MIROV, 1967; QUÉZEL, 1980) . However, the numerous seeds found in archaeological settlements, dating from the upper Palaeolithic to Neolithic, suggest that stone pine is autochthonous in Spain (STEVENSON, 1985) . Other putative native areas are proposed for eastern Mediterranean countries of Italy, Turkey and Lebanon, where P. pinea stands form a climax structure surrounded by characteristic native vegetation (MIROV, 1967) . The stone pine ranges from Portugal to Syria, including the western coasts of Black Sea, and covers about 380,000 ha, standing at low and medium altitude. The largest stone pine natural forests in the Iberian Peninsula are found under diverse ecological conditions, where it reaches 1.200 m in altitude. In Portugal the stone pine spans all over the country, in pure or mixed stands with Quercus suber L. (cork oak) and P. pinaster, occupying an area of about 78.000 ha (CARNEIRO, 2002) .
Plant material
Young needles collected from the 105 trees, which were randomly sampled from seven provenance stands, were stored at -80°C until DNA extraction. Details about the plant material analysed in this study is listed in Table 1 .
For economically important species, such as P. pinea, according to the European legislation about forest reproductive material, and in order to organise its trade, a list of recommended provenances for use in each region was established in Portugal (CARDOSO and LOBO, 2001) .
DNA isolation
DNA was extracted from needle tissue (100 mg fresh weight) using DNeasy Plant Mini Kit (QIAGEN) follow- 
SSAP and AFLP analysis
The SSAP technique described by WAUGH et al., (1997) , is an anchored AFLP approach that amplifies the region between specific retrotransposon primers originated from the highly conserved LTR terminus, and a nearby cleaved restriction site, to which an oligonucleotide adaptor is added. The pre-amplification-PCR product is subsequently used as a template for the selective amplification with the MseI primer containing three selective bases at the 3' end, in combination with a labelled LTR-derived primer, based on the LTR sequences of P. pinaster Ty3 gypsy retrotransposons PpRT1 (ROCHETA et al., 2006, Table 2) , and Applied Biosystems AFLP protocol touch-down PCR conditions. The primers were designed using the program PrimerSelect 5.00 (DNAStar Inc.) and synthesized by Applyed Biosystems complementary to the LTR sequence and as close as possible to the polypurine tract (PPT), in order to minimize the expected size of polymorphic PCR products and labelled with a 6-FAM at the 5' end for detection in the ABI PRISM ® 310 genetic analyser.
AFLP analysis, made with the Applied Biosystems Kit and protocol, and was based on a two-step amplification strategy with EcoRI and MseI primer adaptors (VOS et al., 1995) . In the first step, restriction fragments are produced by using two restriction endonucleases, and double stranded adaptors ligated to the DNA fragments ends, generating the template for subsequent polymerase chain reaction amplification. Pre-amplification consisted of a PCR reaction using primers complementary to the EcoRI and MseI adapters with additional selective 3' nucleotides (EcoRI primer E +A and MseI primer M +C ). Afterwards, diluted PCR products were used as templates for the second amplification using three primer combinations with three selective nucleotides where the EcoRI primer was fluorescently labelled.
Eight EcoRI +3 primers and MseI+ 3 primers were combined in various pairs in 37 PCR primer combinations, and tested on five samples from different populations. Three PECs were chosen for final analysis based on repeatability, polymorphism and for pines it is recommended that for EcoRI primers extensions begin with -AC or -AG and for MseI the extension begins with -C (MYBURG and REMINGTON, 2000) . Following selective amplification, AFLP fragments were denatured by adding deionised formamide, and run on GeneScan-500 (ROX) (Applied Biosystems) against a size standard. Fragment separation was performed by capillary electrophoresis using an automated sequencer ABI 310 (Applied Biosystems). In order to directly compare the SSAP with the AFLP marker system, the same preamplification PCR products produced with the EcoRI and MseI were used in the both experiments.
Data scoring and analysis
AFLP and SSAP patterns were visualized with Genescan 3.1 software (Applied Biosystems), and the presence (1)/absence (0) of AFLP and SSAP fragments was scored using the Genotyper 2.5 Software (Applied Biosystems). Only loci with clearly amplified fragments were used for data analysis.
Genetic diversity and differentiation were calculated using AFLPSURV v.1.0 (VEKEMANS et al., 2002) . Estimates of allelic frequencies at AFLP and SSAP loci were calculated using the Bayesian method with a uniform prior distribution of allele frequencies following ZHIVO-TOVSKY (1999), without deviation from Hardy-Weinberg equilibrium. Gene diversity and population genetic structure were computed according to LYNCH and MILLI-GAN (1994) for both marker types unbiased gene diversity within population, H e ; average for all populations, H S ; unbiased total gene diversity, H T (NEI, 1987); and Wright's F ST . For the two marker-systems, H S was compared with a Z-test, and the variance associated with H S included the component associated with the sampling of the populations.
Diversity assessed at different markers results from either 'marker specific' factors (e.g. mutation) or 'marker non-specific' factors (e.g. drift or migration). For example, a reduction in population size will decrease the level of diversity of any marker (SSAP or AFLP) despite differences in mutation rates. Consequently, one would expect that populations with different evolutionary histories display different levels of diversity, but follow a similar trend for both markers. For this reason, the comparative analysis of diversity between markers is not based on the comparison of levels of population diversity, but on the comparison of ranking of popula- Table 2 . -SSAP and AFLP sequences used to screen the seven studied populations. N f = number of scored fragments obtained for each primer combination, N p = number of polymorphic loci (direct count), and P = proportion of polymorphic loci. Evaristo et. al.·Silvae Genetica (2008) tions by correlation analysis (see MARIETTE et al., 2001) , by computing the Spearman's rank coefficient correlation (SOKAL and ROHLF, 1995) , and congruence between markers would be supported by a significant correlation.
Additionally, the significance of genetic differentiation between populations was tested by comparison of the observed F ST with a distribution of F ST under the hypothesis of no genetic structure, obtained by using 1.000 random permutations of individuals among populations.
A principal component analysis (PCA) was performed based on the Nei's genetic distance after LYNCH and MIL- LIGAN (1994) , using the NTSYS pc software (Version 2.1, (ROHLF, 1993) . A neighbour-joining consensus tree was computed using the PHYLIP v. 3.66 software (FELSEN-STEIN, 2004 ), based on 1.000 bootstrap similarity matrices of Nei's genetic distance, after LYNCH and MILLIGAN (1994) obtained with the AFLPSURV software. The degree of relatedness between the similarity matrices was measured using a Mantel matrix-correspondence test (MANTEL, 1967) . In addition, the association of the geographic and genetic distances with both markers was tested with the same method by using the NTSYS software v. 2.11 (ROHLF, 1993) .
Results
SSAP and AFLP fragments
The size of SSAP amplified fragments varied from 36 to 492 bp. The three primer sets yielded a total of 232 scored fragments, 75.4 % (175) of which were polymorphic ( Table 2) .
For AFLPs, 132 fragments were produced, varying from 38 to 55, depending on the PEC. Also the proportion of polymorphic fragments was mostly even across AFLP PECs, varying from 51.3 to 60 % ( Table 2 ). The three PECs produced a total of 75 (56.8 %) polymorphic fragments, less than half the number of polymorphic fragments produced by SSAP. Finally, the size of AFLP amplified fragments ranged from 35 to 500 bp.
The selected primer combinations amplified, on average, about 111 SSAP and 49 AFLP fragments, per individual. Considering SSAP, Quinta de Sousa had the highest number of polymorphic loci (N P ), 147, and Pai do Sobrado had the lowest N P (89), and for AFLP Quinta de Sousa also had the highest N P (71) and Ponte de Lima the lowest (31) ( Table 3) .
Intra and inter-marker analysis
Within population diversity estimated for both marker systems was very similar, Monte Novo population exhibited the highest gene diversity levels, H e = 0.2802 for SSAP and H e = 0.3270 for AFLP, while Ponte Lima population displayed the lowest H e = 0.2571 and H e = 0.2541, respectively (Table 3) , with the higher and lower values significantly different from each other for each marker system (p < 0.05, SSAP and p < 0.001, AFLP).When we compared diversity levels between markers, the values were not significantly different, except for the Monte Novo and Pai do Sobrado populations, with p < 0.05 and p < 0.001, respectively; also the average diversity was not significantly different for both markers ( Table 3) . Table 3 . -Gene diversity estimates obtained with the SSAP and AFLP marker systems for the seven P. pinea populations, based on 132 AFLP and 232 SSAP markers. H e = within population diversity, H T = total gene diversity, F ST = differentiation between populations, SE (H e ) = standard error associated to H e , N p = number of polymorphic loci (direct count) and P = proportion of polymorphic loci. Differences between both markers are indicated by ns = not significant, * = p <0.05 and *** = p <0.001 and NA = not available. a) H s = mean gene diversity within populations. In Table 4 , the multipopulation statistical comparison of within population diversity is displayed, showing that AFLPs detected more differences among populations than SSAP. With AFLPs, Monte Novo's genetic diversity was significantly different from all other populations' estimates, but not for SSAP where only Ponte de Lima was significantly different. Additionally, population rankings for H e calculated by AFLP were significantly correlated with the rankings obtained for SSAP (the Spearman correlation index was r S = 0.943 and p = 0.002), when the outlier population was removed from the analysis (Viseu) (see populations sorted by diversity values in Table 4 ). In fact, the Viseu population was responsible for the biggest difference in population ranking for the two markers.
Genetic differentiation was slightly higher for SSAP (F ST = 0.105) than for AFLP (F ST = 0.074), and both were significantly different from zero, p < 0.01. Based on PCA analysis, the percentage of total variation explained by the two first axes was 37 % and 23 % (Figure 1) . Population placement was similar for SSAP and AFLP, except for populations 3, 6 and 7 (see Figure 1) .
Furthermore, a normalized Mantel statistic computed a correlation of r = 0.71 for the association of the genetic distances computed with both markers, with a probability of P ≤ 0.001. This result indicates that both matrices are correlated and that they detected similar trends with respect to genetic distances. Table 3 ). Figure 2. -Neighbour-joining consensus tree computed with the pairwise Nei's genetic distance matrix using 132 AFLP markers from the seven P. pinea populations. The numbers on the branches in the consensus tree indicate the percentage of times the partition of the populations into the two sets which are separated by that branch occurred among the trees, out of 1,000 trees. The neighbor-joining trees based on the Nei's genetic distance are shown in Figure 2 (AFLP) and 3 (SSAP), and some geographical pattern is observed. With the AFLP markers the populations grouped according to provenance region from which they were sampled, resulting in one well supported node clustering the Southern populations, but with SSAP the pattern was not so coherent. Nevertheless, no association was found between genetic and geographical distances.
Discussion
Long terminal repeat (LTR) retrotransposons are mobile genetic elements that are ubiquitous in plants and represent a significant genomic fraction in plant species with large genomes, as is the case for Pinaceae. There are no studies regarding the potential influence of selection on the transposon-derived loci. The factors governing the activation and proliferation of these elements are poorly known, although increasing evidence suggests roles for natural agents such as interspecific hybridization and abiotic stress (M. C. Ungerer, pers. comm.). Future studies will indicate how plant genomes have evolved to utilize retrotransposon sequences (KUMAR and RZHETSKY, 1996) .
SSAP vs. AFLP within population polymorphism
The same populations used in this study, were also analysed for RAPD and cpSSR, and, lower levels of genetic diversity were observed, in particular, with cpSSR, where only a single haplotype was obtained with six primers (EVARISTO et al., 2002) . In another region (Spain), only 9 haplotypes were found when 10 populations were screened with 6 cpSSR, (GÓMEZ et al., 2002) , while in other Pines higher numbers of haplotypes were found, 28 and 34 haplotypes, in 10 and 6 populations, respectively in P. halepensis (GÓMEZ, 1998) and in P. pinaster (VENDRAMIN et al., 1998) . Moreover, in a range wide study, including 34 populations, of P. pinea screened with twelve cpSSRs, only three were polymorphic, giving a total of only four different haplotypes. (G.G. Vendramin, pers. comm.) . Therefore, the polymorphism obtained with AFLP and, especially, with SSAP, reveals important information for studies of diversity, conservation and breeding.
SSAP has been suggested as a suitable alternative to AFLP for assessing genetic diversity, differentiation, and polymorphism (SYED et al., 2005) . In this study SSAP generated more polymorphic fragments than AFLP. The number of polymorphic SSAP fragments was about one and a half times that at AFLP ( Table 2 ). This result is in agreement with previous studies, for example, SSAP revealed two to threefold higher polymorphism per primer combination than AFLPs in Hordeum vulgare , Pisum (ELLIS et al., 1998) , Triticum aestivum (QUEEN et al., 2004) , and Anacardium occidentale (SYED et al., 2005) . Moreover, SSAP was found to be the most informative system for estimating genetic diversity in tomato and pepper, in a study comparing SSAP with AFLP and SSR, producing about fourto nine-fold more polymorphic fragments than AFLP, and achieving the highest number of polymorphic bands per assay (MAY TAM et al., 2005) . In fact, one advantage of SSAP over AFLP is that higher levels of polymorphism are achieved (ELLIS et al., 1998) , and fewer experiments are needed to generate the desired numbers of markers. SSAP generates more polymorphic markers than AFLP, probably due to the higher retrotransposition mutation rate relative to base mutation.
Some marginal populations, Ponte Lima and Viseu, could be defined as being relatively isolated from the main area of species distribution and show a lower level of variability, particularly for AFLPs.
Congruence in SSAP vs. AFLP
Population diversity rankings obtained with both markers were similar. Population diversity estimates differ in similar ways, despite the fact that, in some cases, they display significantly different values of within-population diversity. However in a recent meta-analysis of different marker systems by KREMER and MARI-ETTE (2003) , diversity estimates were significantly correlated in less than 12 % of cases. MARIETTE et al., (2002) using simulations, suggested that this lack of correlation may be due to different sampling strategies of markers within the genome, low number of loci used, low differentiation among populations, and non-equilibrium situations (recently created populations). In our case, at least the first condition was met (high number of loci), in addition differentiation was moderate, but there is not enough data on the equilibrium situation. However the correlation between SSAP and AFLP was significant only when the population responsible for the highest difference in ranking was removed from the analysis (Viseu). 
Differentiation and populations clustering
The degree of differentiation among populations depends on the age of population separation. In theory, differentiation is relatively independent of marker system used, (KREMER and MARIETTE, 2003) . Therefore, differentiation depends mainly on population size and rate of migration, factors acting with the same amplitude on different markers, which has been confirmed by experimental results comparing differentiation values obtained with different markers (HAMRICK et al., 1992; NYBOM, 2004) . In the present study, the differentiation values obtained with both markers were of similar magnitude, and the higher mutation rates associated with SSAP had no impact on the estimate.
The Mediterranean basin is characterized by intense human activities, which impact on various forest tree species, modifying genetic diversity and phylogeographic structure (LEDIG, 1992) , which is reflected in the pattern of diversity and differentiation in P. pinea and other pine species of this region (e.g. P. pinaster, RIBEIRO et al., 2001) . A strong anthropogenic influence associated with extensive gene flow could explain these levels of differentiation among populations and the diversity found mainly within populations.
Comparing the genetic differentiation estimates from this study with ones obtained for other pines, reveals that the values within P. pinea are typical of outcrossing species G ST = 0.065, (HAMRICK et al., 1992) and with P. pinaster, for the same markers, G ST = 0.077, (SALVADOR et al., 2000) ; G ST = 0.16, (PETIT et al., 1995) .
In this study, SSAP generated more polymorphic fragments and similar estimates of genetic diversity than AFLP. Moreover, congruence was found between estimates obtained with both markers. In general, SSAP markers might be an interesting alternative marker system, when higher resolution is requested, but AFLP was more discriminating than SSAP.
Moreover, retrotransposon markers generate taxonomic data that are more consistent with morphological criteria than AFLP-based markers (ELLIS et al., 1998) . The reason for this is, yet, unclear, but according to QUEEN et al., (2004) it may reflect two facts. (1) Retrotransposon insertion is a single type of biological event, whereas the different mutations detected as AFLP polymorphism can arise in any type of DNA sequence, and a polymorphism in a highly repeated sequence is unlikely to show the same phylogenetic properties of an insertion in a gene. (2) Retrotransposon insertions are irreversible, since the presence of an insertion (occupied site) is a derived site, while the absence of the insertion is the ancestral condition. Actually, SSAP bands might be lost by sequence change at restriction or primer sites but a component of the polymorphism is, nevertheless, irreversible and this may contribute to the enhanced performance of this method relative to AFLP. In addition, SSAP markers have lower costs compared to AFLPs, for only one LTR primer is fluorescently labelled in combination with standard adapter-based primers, and the number of assays for achieving the same number of polymorphic bands is lower. The disadvantage of SSAP for a newly studied species is the need to find retrotransposon sequences for primer design.
Despite comprising the majority of many plant genomes, and their role in the mutation and evolution of genes and genomes, only a handful of laboratories investigate these elements. Much future work is needed, and the tools are all in hand, so we can expect continuing great gains in our understanding of plant retrotransposons for the foreseeable future.
